Monitoring and control of water treatment plants play an essential role in ensuring high quality drinking water and avoiding health-related problems or economic losses. The most common quality variables, which can be used also for assessing the efficiency of the water treatment process, are turbidity and residual levels of coagulation and disinfection chemicals. In the present study, the trend indices are developed from scaled measurements to detect warning signs of changes in the quality variables of drinking water and some operating condition variables that strongly affect water quality.
INTRODUCTION
There is a growing demand to improve water treatment management to ensure high quality water for consumers at as low as possible operating cost. Efficient monitoring and control have a key role in high quality drinking water processing at water treatment plants (WTPs). Many process measurements are available in modern WTPs, but the quality of the processed water is not measured until it is leaving the plant for distribution to consumers and corrective control actions have no effect on water quality. In addition, water treatment processes are very challenging for monitoring, modelling and control because they are complex, nonlinear processes where several (partly unknown) variables affect the functionality and quality of water. Poorly operating
WTPs and low quality water may cause health problems to consumers and significant economic losses to a WTP. Turbidity is caused by suspended particles, which reduce the clarity of water. Suspended particles usually come from the raw water source due to inadequate water treatment or from the resuspension of sediments in a distribution system. The limit for acceptable drinking water turbidity is around 5 NTU (WHO (World Health Organization) ). Higher turbidity indicates problems in the treatment process. Particles that cause turbidity can protect microorganisms from the effects of disinfection and stimulate bacterial growth, which causes health effects for consumers. Thus, the turbidity must be as low as 0.1 NTU for effective disinfection. Among others, the coagulation chemical dose, the turbidity of the raw water, the temperature of the water, the raw water KMnO 4 value and water pH affect the turbidity of drinking water (Juntunen et al. ) . Residual aluminium and turbidity in drinking water have been found to be strongly correlated (Tomperi et al. ) .
The time series of measurements includes effects of many distinct contributions: slow trends, various equipment faults, periodic disturbances and changing sensor noise (Stephanopoulos & Han ) . Outliers and structural breaks need to be analysed to find true trends (Metz ) . In the present study, the described trend analysis is applied to the water quality variables and operating conditions that have been found to affect the water quality.
Before the trend analysis, all measurements are scaled to the range [À2, 2] by using a nonlinear scaling approach which is based on generalized norms and skewness. The scaling is necessary to perform the trend analysis, as it uses only values between À2 and 2. The goal is to demonstrate the potential of the presented trend analysis, which shows the direction, speed and severity of the changing situation, as a monitoring tool in a slow water treatment process. The trend analysis can also be applied to various other measurements and processes. Here, the trend analysis is utilized with a short period of water treatment data where the quality of the water changes drastically, as against in our earlier study, in which the trend analysis was applied to fewer variables and proved functional for a longer period (Tomperi et al. ) . By using a properly tuned trend analysis, the changes in water quality can be forecast in advance, an early warning can be received and it is possible to perform control or proactive actions to avoid the problems.
MATERIAL AND METHODS
The water treatment plant The nonlinear scaling consists of two second order polynomials, one for negative values, and one for positive values:
The coefficients of the polynomials are defined using the corner points of the feasible range:
As the membership definitions are used in a continuous form, the functions f 
and
are both in the range [1/3,3] . If needed, corrections are done by changing the core area, the support area or the centre point. The coefficients of the polynomials can be calculated as:
where Δc In the analysis of the corner points, the value range of x j is divided into two parts by the central tendency value c j , and the core area (Figure 2) 
The trend indices applied
In simple terms, the trend episodes and deviation indices resulting from the trend analysis show the direction, speed and severity of the change in the observed variable. Here, they provide warnings of changes in the water quality and environmental conditions that affect the water quality.
For any variable x j trend index I T j (k) is calculated from the scaled values X j :
which is based on the means obtained for a short and a long The severity of the situation can be evaluated by a deviation index
This index has its highest absolute values, when the difference from zero is very large and is getting still larger at a rapidly increasing rate ( Juuso et al. ) .This can be understood as an additional dimension in Figure 1 .
Weight factors and parameters for trend analysis affect the accuracy of the trend analysis and its forecasting ability. 
RESULTS AND DISCUSSION
In the present study, trend indices were calculated using scaled measurement values to find trend episodes and deviation indices for a short period and several variables, whereas in our earlier study the trend analysis was performed and proved to be efficient using a 16-month long dataset (Tomperi et al. ) . In the present study, the dataset for trend analysis was a continuous 2,500-hour long period when the potable water quality changed drastically.
However, to include seasonal changes and all different conditions available, the scaling was performed using the whole The scaled values of quality parameters, the variables that have been found to affect the water quality, and some controllable process variables of the WTP are shown in turbidity show how the constant state changes, through a dangerous concave upward increase, to a linear increase, and to a concave downward monotonic increase, which indicates that the dangerous situation is ending. After that, the trend episode returns to a constant level (and decreased state of turbidity). The deviation index of aluminium shows that the rise begins at time point ∼600 hours; the first peak is reached at ∼840 hours and the second peak is reached at ∼2,115 hours. In the original measurements (Figure 4 ), the first peak for aluminium is at ∼925 hours and the second at ∼2,130 hours. The deviation index of turbidity shows the first peak is at ∼800 hours and the second at ∼2,100 hours, whereas in the original measurements, the first peak is at ∼815 hours and the second is at ∼2,125 hours. Correspondingly, the first peak of total residual chlorine is at ∼240 hours in the deviation index and at ∼370 hours in the original measurements. Thus, the trend analysis yields a remarkable advance by forecasting upcoming severe situations hours earlier than the original measurements.
The quality of the raw water has a great effect on the However, the KMnO 4 value, turbidity and pH have major and rapid changes from normal to more dangerous levels.
From a constant state, the KMnO 4 value rapidly changes to a dangerous upward increase and through a linear increase, to a concave downward increase before going to the decreased state. According to the deviation index, the KMnO 4 value reaches the first peak at ∼810 hours. As shown in Figure 4 , the peak in the original measurements 
CONCLUSION
The accurate monitoring and control of a water treatment process are essential to ensure high quality drinking water.
By using proper control, the water treatment process is functional, the quality of potable water remains at the required level, and environmental problems, health effects, excessive energy consumption and financial losses are avoided. However, the control of the process can only be as accurate as the monitoring is. In the present study, the trend analysis presented was used for the most common water quality variables, and some important raw water variables that have been found to affect the drinking water quality and water treatment process functionality. It was shown that using trend analysis for indirect measurements of water quality and the operating conditions, the water quality can be forecast in advance;
that is, early warnings of changes can be received and control 
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